Signalling through the janus kinase (JAK)/signal transducer and activator of transcription (Stat) pathway is required at different stages of mammary gland development, and this pathway is frequently hyper-activated in cancer, including tumours of the breast. Stats 3, 5 and 6 have important roles in the differentiation and survival of mammary alveolar cells, but somewhat paradoxically, both Stat3 and 5 can have oncogenic activity in the mammary gland. Constitutive activation of JAK2 could be anticipated to result in hyper-activation of Stats 1, 3, 5 and 6 with concomitant cell transformation, although the outcome is difficult to envisage, particularly since Stats 3 and 5 play opposing roles in normal mammary gland development. Here, we show that expression of a constitutively active JAK2 mutant, JAK2 V617F, leads to hyper-activation of Stat5 in mammary epithelial cells (MECs), and transgenic mice expressing JAK2 V617F specifically in the mammary gland exhibit accelerated alveologenesis during pregnancy and delayed post-lactational regression. Overexpressing JAK2 V617F in MECs in vitro results in elevated proliferation and resistance to cell death. Furthermore, constitutively active JAK2 enhances anchorage-independent cell growth in the presence of a co-operating oncogene and accelerates tumourigenesis in a xenograft model. Taken together, our results provide insights into signalling downstream of constitutively active JAK2 and could be important for understanding the molecular mechanisms of breast tumourigenesis. Mammary gland development during pregnancy is characterised by proliferation of progenitor cells of the alveolar lineage, followed by their terminal differentiation upon lactation and subsequent cell death during post-lactational regression (involution). This cycle is regulated by a sequential cascade of signal transducer and activator of transcription (Stat) factors: Stat6 promotes proliferation of alveolar progenitors, while Stat5 is required both for the generation of alveolar progenitors and their functional differentiation to express milk proteins such as b-casein and whey acidic protein (WAP).
Mammary gland development during pregnancy is characterised by proliferation of progenitor cells of the alveolar lineage, followed by their terminal differentiation upon lactation and subsequent cell death during post-lactational regression (involution). This cycle is regulated by a sequential cascade of signal transducer and activator of transcription (Stat) factors: Stat6 promotes proliferation of alveolar progenitors, while Stat5 is required both for the generation of alveolar progenitors and their functional differentiation to express milk proteins such as b-casein and whey acidic protein (WAP). 1 When these cells become superfluous at the end of lactation, cell death and tissue remodelling are initiated by Stat3 and the gland is returned to a pre-pregnant state in readiness for the next cycle. 2 The janus kinase (JAK)/Stat signalling pathway is normally activated in response to ligand engagement of cytokine receptors, which triggers auto-crossphosphorylation of the receptor-associated JAK kinases and subsequent tyrosine phosphorylation of Stat factors, which dimerise, translocate to the nucleus and activate transcription of target genes. 3 In addition to the requirement for specific Stats in adult mammary gland development, JAK2 is essential as its conditional deletion in the mouse results in failed lactation with a phenotype that recapitulates that of Stat5-deficient glands. 4 Furthermore, loss of JAK2 protects against the onset of mammary tumours. 5, 6 Constitutive activation of the JAK/Stat pathway is a feature of many types of cancer, including breast, prostate, head and neck, and lymphoma. 7 Stats 3 and 5 are activated in a high proportion of breast tumours, 8, 9 and both have been shown to be mammary oncogenes. 10, 11 In physiological conditions, JAK/Stat signalling is exquisitely controlled by a cohort of negative regulators, pre-eminently the suppressor of cytokine signalling (SOCS) family. SOCS proteins are direct transcriptional targets of Stats and negatively regulate the pathway by a variety of mechanisms, including binding to the receptor, the Stat or, more usually, the JAK. 12 The consequence of this regulatory feedback loop is that signalling through the JAK/Stat pathway is normally of high intensity and short duration. In contrast, when the pathway is constitutively active, signalling is often low level and prolonged. The consequences of this disparate regulation, and how it can lead to tumourigenesis, are not well understood. Unlike many other oncogenes, mutations in the seven mammalian Stats are very rare. Likewise, mutations in the JAKs (JAK1, 2, 3 and TYK2) are infrequently associated with tumour development. Recently, a new JAK2 mutation (I166T) has been discovered in breast cancer by massively parallel DNA sequencing technologies, 13 although its functional importance is unclear. Another striking exception is the association of a somatic point mutation at codon 617 (G to T transversion) in the JAK2 homology domain with several myeloproliferative disorders. 14 This mutation changes valine to phenylalanine and creates a constitutively active JAK2 (CAJAK2). Studies in mice have confirmed that JAK2 V617F is indeed an oncogene in haematopoietic cells. 15 Interestingly, JAK2 V617F can overcome normal SOCS regulation by hyper-phosphorylating SOCS3, thus rendering it incapable of inhibiting JAK kinases and thereby promoting constitutive Stat activity. 16 Previous studies with JAK2 conditional knockout mice highlighted the significant role of JAK2 during pregnancy. 4 JAK2 has been shown to be required for the phosphorylation of Stats 3 and 6 in addition to Stat5. We hypothesise that constitutive JAK2 activity will perturb mammary gland development during gestation and involution and sought to address this by utilising mice harbouring the JAK2 V617F mutation expressed from the endogenous JAK2 locus. We investigated the consequences of elevated JAK2 activity during gestation, when alveolar progenitors expand to produce lobuloalveolar structures, and during involution, when these structures are removed by programmed cell death, and found that both these events are perturbed. Furthermore, studies in mammary epithelial cells (MECs) in vitro revealed a specificity of JAK2 V617F for Stat5 and demonstrated that this naturally occurring mutant can function as a co-operating oncogene both in culture and in xenografts.
Results
Constitutively active JAK2 accelerates mammary gland development during pregnancy. Although the JAK2 V617F mutation causes several myeloproliferative disorders, 14 a role for this mutation in breast tumourigenesis has not been investigated, nor have the consequences of constitutive JAK2 activity in normal mammary gland development been studied. To address these issues, we have used conditional knock-in mice in which expression of the JAK2 V617F mutation is under the control of the endogenous JAK2 promoter and is transcribed upon conditional deletion of a floxed STOP sequence by expression of Cre recombinase. 17 These engineered mice have been a valuable tool to study the function of constitutive JAK2 activity in the haematopoietic system. JAK2 V617F mice were crossed with keratin 14 (K14)-Cre mice to drive recombination in the basal mammary epithelium, in the placode during embryonic development and in the stem cells in terminal end buds during puberty. 18 The basal epithelium encompasses mammary stem and early progenitor cells that generate both ductal/alveolar luminal and myoepithelial cells. 19 Consistently, K14-Cre;ROSA26-LacZ reporter mice show b-galactosidase staining in all basal and luminal epithelial cells. 20 We first checked the levels of recombination in the mammary glands of K14-Cre;JAK2 V617F females during different time points of mammary gland development (Supplementary Figure S1A) . We observed that the ratio of recombined allele (JAK2 R ) to targeted (floxed) allele (JAK2 F ) increased at the time points where the proportion of epithelial cells in the gland was greater, resulting in high levels of recombination during gestation, lactation and after 72 h of involution. Moreover, recombination in isolated epithelial cells, from a 10-day gestation mammary gland, was approaching 100% (Supplementary Figure S1A) .
Morphological analysis by whole mount and histology showed that the structure of virgin K14-Cre;JAK2 V617F mammary glands was essentially normal compared to littermate controls (Supplementary Figure S1B) , and that constitutive activation of JAK2 did not affect the architecture of mammary ducts and alveoli (Supplementary Figure S1C) . However, analysis of whole mounts during gestation revealed a striking increase in the number of side branches in K14-Cre;JAK2 V617F mice compared to controls (Figure 1a ). This correlated with a significant increase in the number of mammary structures (ducts and alveoli) counted in hematoxylin and eosin (H&E) sections (Figure 1b ). We observed, by immunostaining for the milk protein b-casein, that the additional alveoli present in the K14-Cre;JAK2 V617F mammary glands expressed b-casein in the lumen (Supplementary Figure S2A ). The levels of b-casein and WAP, another milk protein that has been defined as a marker of late differentiation in the mammary gland, 21 were similar in mutant and control mice (Supplementary Figure S2B) as analysed by western blot. Furthermore, the transcription factor E74-like factor 5 (Elf5), which determines alveolar cell fate, 22 was unaffected (Supplementary Figure S2B) and the phenotype of V617F-expressing females during lactation, as determined by whole mounts, histological analysis and milk protein quantification, was normal (data not shown). Thus, expression of JAK2 V617F induces precocious alveologenesis, but does not alter alveolar differentiation. This is consistent with JAK2 V617F acting upstream of Stat5 as Stats 1 and 3 are not normally activated during pregnancy. 2 This prompted us to investigate firstly the rate of proliferation using immunostaining for Ki67 and we found that proliferation of MECs in ducts and alveoli was significantly increased in K14-Cre;JAK2 V617F females compared with their littermate controls ( Figure 2a) . Next, using immunostaining, we observed that the number of phospho-Stat (p-Stat5)-positive cells was significantly increased in the alveoli of tissue from K14-Cre;JAK2 V617F mice compared to controls (Figure 2b ), and these elevated levels were maintained until lactation (Figures 2c and d) . Western blot analysis revealed that phosphorylation of Stats 3 and 6 was not affected by CAJAK2 (Figure 2c ), while p-Stat1 could not be detected at any time point analysed. K14-Cre;JAK2 V617F and control mammary glands showed similar levels of total JAK2 during gestation and lactation (Supplementary Figures S3A and B) , indicating that the increased levels of p-Stat5 in K14-Cre;JAK2 V617F females were due to the constitutive activation of JAK2 and not to different expression levels of JAK2.
Constitutive activation of JAK2 delays involution.
Involution is marked by extensive cell death and tissue remodelling. Striking differences between K14-Cre; JAK2 V617F and control females were observed during involution ( Figure 3 ). Although sections from control glands after 72 h of involution showed extensive tissue remodelling, characterised by the presence of adipose tissue stroma and collapsed alveoli, sections from K14-Cre;JAK2 V617F glands resembled lactating mammary tissue, characterised by prominent and expanded milk-producing alveoli surrounded by few adipocytes (Figure 3a) , and the expression of higher levels of b-casein, as determined by real-time quantitative PCR (RTQ-PCR) (Figure 3b ). Increased levels of cleaved caspase 3 activity, a surrogate marker for cell death, at 72 h involution were abrogated in K14-Cre;JAK2 V617F glands (Figure 3c ), suggesting that the induction of cell death after cessation of the suckling stimulus is altered by persistent JAK2 activity. Tissue remodelling is a hallmark of the second, and irreversible, phase of involution and matrix metalloproteinases (MMPs) have been shown to be involved in this process. 23 Control mammary glands showed an increase in MMP-2 and -9 mRNA expression after 72 h involution compared to lactation (Figure 3d ). This increase was significantly less in K14-Cre;JAK2 V617F glands (Figure 3d ), indicating that the activation of MMPs during involution is also altered. Thus, both epithelial cell death and tissue remodelling were altered by constitutive JAK2 activity. The fact that we still see an increase in the expression of MMPs, particularly MMP9 (Figure 3d ), in the JAK2 V617F-expressing glands suggests that CAJAK2 cannot abolish involution, but can delay the process. This is most likely due to the role of p-Stat5 as a survival factor, counteracting Stat3 activity. 24 This delay in mammary gland involution in K14-Cre;JAK2 V617F females was a consequence of constitutive JAK2 activation and not due to different levels of JAK2 expression, as demonstrated by western blot analysis (Supplementary Figure S3C ).
JAK2 V617F affects proliferation and differentiation of MECs in vitro.
To further study signalling downstream of CAJAK2 in MECs, we infected KIM-2 MECs with retrovirus harbouring JAK2 wt or JAK2 V617F. KIM-2 cells model mammary gland development and can be induced to differentiate, express milk proteins and undergo cell death upon lactogenic hormone withdrawal. 25 Stable overexpression of JAK2 wt and JAK2 V617F was confirmed by immunofluorescence ( Figure 4a Figure S5) . Therefore, we have demonstrated that the primary target of JAK2 V617F in MECs both in vivo and in vitro is Stat5.
Having demonstrated the functional consequences of JAK2 V617F expression, we sought to clarify the mechanism behind the observed phenotypes in vivo. As K14-Cre;JAK2 V617F females showed increased pregnancy-induced branching and proliferation, we first determined whether JAK2 V617F could The differentiation of KIM-2 cells was also affected by constitutive activation of JAK2. Transient or stable overexpression of JAK2 V617F was sufficient to induce the expression of b-casein mRNA, without the addition of any lactogenic stimulus (Figure 6a ). However, we could not detect any change in the expression of WAP mRNA (Figure 6a ) and the increase in b-casein mRNA in undifferentiated KIM-2 JAK2 V617F-expressing cells was not translated into differences in protein levels (Figure 6b , first 3 lanes), possibly because other lactogenic factors are necessary to stabilise b-casein mRNA. 28 In support of this notion, when differentiated with lactogenic hormones, KIM-2 cells harbouring JAK2 V617F expressed more b-casein protein than the control cells (Figure 6b ), and this was even more apparent when the levels of WAP were measured (Figure 6c ). Prolactin (PRL)-induced expression of milk proteins during lactation is dependent on Stat5 activation. 29 Interestingly, despite this increase in milk protein expression, p-Stat5 levels in differentiated KIM-2 JAK2 V617F cells were similar to the levels in JAK wt and control cells (Figure 6d ). The transcription factor Elf5 has been shown to be regulated by the PRL receptor/JAK2/Stat5 pathway, among others. 30 On the other hand, the Stat5a promoter has an Elf5 binding site, 20 suggesting that Stat5 and Elf5 can regulate each other's expression. Overexpression of JAK2 wt and JAK2 V617F led to a decrease in the levels of Elf5 in undifferentiated and differentiated KIM-2 cells (Figure 6d ), suggesting that the JAK2/Stat5 pathway can activate milk protein expression independently of Elf5 in our model. It is also possible that Elf5 has a peak of expression in progenitor cells to drive alveolar specification and differentiation, and then it is switched off for terminal differentiation.
Constitutive activation of JAK2 induces resistance to cell death. K14-Cre;JAK2 V617F females exhibited a delay in involution and reduced caspase 3 activity (Figure 3) . We sought to determine if constitutive activation of JAK2 could also induce resistance to cell death in MECs in vitro. KIM-2 cells normally undergo apoptosis when cultured in low (3%) serum medium. 25 However, KIM-2 cells expressing JAK2 V617F did not die after being cultured in low serumcontaining medium for 48 h (Figure 7a) . Moreover, the growth rate was similar in both conditions (Figure 7b ), suggesting that CAJAK2 induces not only resistance to cell death, but also insensitivity to anti-growth signals. Differentiated KIM-2 cells can also undergo cell death upon removal of lactogenic hormones, 25 mimicking more accurately the involution process in vivo. Differentiated KIM-2 JAK2 V617F cells were also resistant to this mode of cell death induction, as demonstrated by decreased levels of cleaved caspase 3 compared to the corresponding control (empty vector and JAK2 wt) cells (Figure 7c ).
Constitutively active JAK2 acts as a co-operating oncogene in MECs.KIM-2 cells expressing JAK2 V617F cells showed, after a few passages in culture, an elongated spindle-like morphology (Figure 8a ) characteristic of transformed cells. In addition, CAJAK2 induced some of the hallmarks of cancer, 31 such as increased proliferation, resistance to cell death and insensitivity to anti-growth signals. We thus hypothesised that expression of JAK2 V617F could contribute to MEC transformation. One characteristic of transformed cells is their ability to grow in an anchorage-independent manner, so we carried out soft agar colony assays. Expression of JAK2 V617F alone was Six control mice (JAK2 V617F, K14-Cre;JAK2 wt and JAK2 wt) and five K14-Cre;JAK2 V617F mice were used for all the experiments. *Po0.05, ***Po0.001 versus control mice insufficient to induce colonies in soft agar at the normal culture temperature of 37 1C (Figure 8b ). However, KIM-2 cells express a temperature-sensitive variant of simian virus-40 large T antigen and become transformed at 33 1C. 25 At this permissive temperature, KIM-2 cells formed colonies in soft agar and expression of JAK2 V617F increased the number of these colonies by fivefold (Figure 8b ), suggesting that CAJAK2 may contribute to MEC transformation as a cooperating oncogene.
Spontaneous tumours were not observed in K14-Cre;JAK2 V617F females up to 3-4 months old, suggesting that JAK2 V617F is not a potent oncogene per se and may require the presence of a co-operating oncogenic input to induce breast tumours. As KIM-2 cells do not grow as xenografts, we elected to express JAK2 V617F in the luminal breast cancer cell line MCF-7 and observed that this led to Stat5 overactivation (Figures 8c and d) . Injection of MCF-7 cells expressing control vector, JAK2 wt or JAK2 V617F into mammary fat pads of nude mice resulted in tumour growth in some of the mice. Tumours generated after the injection of JAK2 V617F-MCF-7 cells showed a shorter onset and were larger than those derived from control cells (Figures 8e and f) . Specifically, 15 days following the injection of the cells, tumours were observed in four out of five JAK2 V617F-MCF-7 transplants, while none of the JAK2 wt and two of the five MSCV-IRES-GFP (MIG) transplants gave rise to tumours. The third tumour in the MIG group appeared after 30 days. Interestingly, the JAK2 V617F-MCF-7 tumours displayed a more invasive phenotype with clusters of neoplastic cells observed distant from the main tumour mass (Figure 8g ). Although the numbers of tumours are small, and are just approaching significance, these data indicate that CAJAK2 is a co-operating breast oncogene.
Discussion
JAK2 is essential for mammary gland development as conditional deletion results in severe lactation failure. 4 On the other hand, the JAK2/Stat pathway is overactivated in a subset of breast tumours 32 and JAK2 inhibitors are promising drugs for the treatment of several solid tumours, including breast cancer. 33 However, little is known about the consequences of constitutive activation of JAK2 in MECs or in involution. We demonstrate herein that expression of the constitutively active mutant JAK2 V617F in the mammary glands of genetically altered mice and in MECs in vitro (a) results in precocious alveologenesis and delayed involution in vivo and induces MEC proliferation and resistance to cell death in vitro; (b) contributes to mammary tumourigenesis; and (c) has Stat5 as its principal target. In KIM-2 and EpH4 MEC lines, expression of JAK2 V617F was sufficient to induce the phosphorylation of Stat5 in the absence of the lactogenic hormone PRL, normally required for Stat5 phosphorylation. Stats 3 and 6 do not seem to be targets of JAK2 V617F, as we could not detect any change in their phosphorylation status following JAK2 V617F expression in vitro and in vivo. Stat5 is also the main target of JAK2 V617F expression in blood cells. 17 Recently, it has been shown that Stat1 also plays a role in the pathogenesis of JAK2 V617F-positive myeloproliferative disorders and that the balance between Stat5 and Stat1 activation determines the clinical phenotype of the patients. 34 Interestingly, expression of JAK2 V617F in KIM-2 cells also induces Stat1 phosphorylation, but we did not detect p-Stat1 in either the transgenic mice or in EpH4 cells.
Our data demonstrate that transgenic mice expressing CAJAK2 in mammary gland have accelerated development during pregnancy and delayed involution. This phenotype is very similar to that induced by constitutive activation of Stat5 in mammary gland. 11, 35 Furthermore, caveolin-1 (Cav-1)-deficient mice, which show overactivation of JAK2/Stat5 signalling, exhibit accelerated mammary gland development during pregnancy. 36 These results resonate well with our data, suggesting that Stat5 is the mediator of constitutive JAK2 activity in mammary gland.
Implications for breast cancer progression. The JAK/ Stat pathway is deregulated in many cancers, although JAK2 mutations or amplifications are very rare in breast tumours, with the exception of the newly identified I166T JAK2 mutation. 13 Although Stat5a/b-activating mutations or amplification of their encoding genes have not been found, Stat5 seems to be active in a subset of breast tumours, where it is associated with good prognosis. 9 This overactivation of the JAK2/Stat pathway could occur by a variety of mechanisms. Firstly, the levels of SOCS proteins can be altered and SOCS2 expression has been inversely correlated with the histological grade of breast tumours and correlated with higher survival rates. 37 The microRNA miR-155 is overexpressed in breast cancer cell lines and in primary breast tumours, and its expression is inversely correlated with SOCS1 expression. 38 Secondly, high levels of circulating PRL increase the risk of developing breast tumours, and recently, a constitutively active variant of the PRL receptor has been identified in breast cancer patients. 39 Another possible mechanism could involve Cav-1, and a dominant-negative mutation in this gene has been found in up to 16% of human breast cancers. 40 The JAK2/Stat5 pathway has a complex role in breast cancer. Although it promotes tumourigenesis in mouse models, it is a marker of good prognosis in human breast tumours and inhibits the metastatic behaviour of human breast cancer cell lines. 32 It seems, therefore, that this signalling pathway may have a dual role whereby Stat5 promotes the earlier steps of tumour progression, but maintains the differentiation status of established breast cancers, inhibiting their ability to metastasise. Our results show that expression of CAJAK2 in MECs induces proliferation and resistance to cell death, but also enhances the expression of differentiation markers in vitro. In addition, JAK2 V617F is not a potent Materials and Methods Animals. JAK2 V617F mice were generated as described previously 17 and have a C57Bl/6 background. K14-Cre mice were kindly donated by Dr. Michaela Frye (Centre for Stem Cell Research, Cambridge, UK), were originally from The Jackson Laboratories (Bar Harbor, ME, USA), and have a mixed C57Bl/6 Â CBA background. JAK2 V617 mice were crossed with K14-Cre mice and K14-Cre;JAK2 V617F, and control littermates (JAK2 V617F, K14-Cre;JAK2 wt and JAK2 wt) were used for all the experiments to avoid strain differences. Eight-week-old virgin female mice were mated and males were subsequently removed midgestation. Samples were collected at the indicated time points. For involution studies, pups were force-weaned at 10 days of lactation. The abdominal mammary glands were used for all the experiments, except for the analysis of Cre recombination (Supplementary Figure S1A) for which the upper mammary glands were taken. For xenograft experiments, 8-week old nude female mice (Charles River, Wilmington, MA, USA) were implanted subcutaneously with 17b-estradiol pellets (Innovative Research of America, Sarasota, FL, USA), and 4 days later, 2.5 Â 10 6 MIG-, JAK2 wt-or JAK2 V617F-MCF-7 cells resuspended in 25% Matrigel (BD Biosciences, San Jose, CA, USA) were inoculated into one of the abdominal mammary glands. Mice were palpated twice weekly until tumours were detected and thereafter tumours were measured with callipers. Tumour volume was calculated as (4p/3) Â (width/2) 2 Â (length/2). Animals were killed 6 weeks following cell transplantation and tumours were collected. All mice were kept in specific pathogen-free conditions and all procedures were performed according to the United Kingdom Home Office regulations with local ethical approval.
Cell culture. KIM-2 cells 25 were grown in 1 : 1 Dulbecco's modified Eagle's medium (DMEM):F12 (Invitrogen, Carlsbad, CA, USA) media containing 10% FCS (Sigma, St. Louis, MO, USA), 0.8 mM insulin (Sigma), 0.8 mM epidermal growth factor (EGF) (Sigma) and 17 mM linoleic acid (Sigma). EpH4 cells were kindly given by Dr. Beug (Institute of Molecular Pathologie, Vienna, Austria) and were grown in DMEM medium (Invitrogen) containing 10% FCS. MCF-7 cells (ATCC-LGC, Middlesex, UK) were cultured in minimum essential medium (MEM) (Invitrogen) supplemented with 10% FCS and 1.6 mM insulin. Stable expression of JAK2 wt and JAK2 V617F in KIM-2, EpH4 and MCF-7 cells was achieved by retroviral infection. Cells were transduced for 48 h with supernatants obtained from Phoenix cells previously transfected with retroviral vectors carrying mouse JAK2 wt, JAK2 V617F or the corresponding empty construct (MSCV-IRES-GFP, MIG). All these constructs were kindly provided by Dr. Göttgens (Department of Haematology, Cambridge, UK). Green fluorescent protein (GFP)-positive infected cells were selected by cell sorting using a MoFlo XDP sorter (Beckman Coulter, Brea, CA, USA). Unless specified, all the experiments were carried out in stably transduced cells at the first 10 passages. For transient gene expression analysis (Figure 6a ), RNA was extracted directly from GFP-positive infected KIM-2 just after their isolation by cell sorting. Pictures of the morphology of KIM-2 were carried out with an Olympus CKX41 microscope (Essex, UK). Cell viability and cell growth were determined by trypsinising and counting cells with the vital stain Trypan blue (Sigma). For differentiation studies, KIM-2 cells were grown to confluence and then incubated, during the indicated times, in differentiation medium containing lactogenic hormones: 1 : 1 DMEM : F12, 10% FCS, 0.8 mM insulin, 0.2 mM PRL (Sigma), 1 mM dexamethasone (Sigma) and 17 mM linoleic acid. Cell death in differentiated cells was induced by the removal of lactogenic hormones after 12 days of culture in differentiation medium. The specific JAK2 inhibitor TG101348 (Axon Medchem BV, Groningen, The Netherlands) was used at the indicated concentrations in Supplementary Figure S4 .
Mammary epithelial primary cells were isolated from JAK2 V617F mice as follows. The mammary gland of a K14-Cre;JAK2 V617F female at 10 days of gestation was collected and digested overnight at 37 1C with 1 mg/ml collagenase IA (Roche Applied Science, Penzberg, Germany) in complete medium (CM) containing 10% FCS, 5 mg/ml insulin and 10 ng/ml EGF. The following day, tissues were shaken and spun for 5 min at 1000 r.p.m. The supernatant and fat were removed, and the pellet containing epithelial cells was washed twice, resuspended in CM and plated into cell culture flasks. After 1-2 days in culture, clusters of epithelial cells (called organoids) began to settle and expand as a monolayer. Fibroblasts were removed every 2-3 days with differential trypsinisation.
Whole mounts and histology. For whole-mount analysis, abdominal mammary glands were spread out on a glass slide, soaked overnight in Carnoy's fixative, stained with Carmine Alum and cleared in ethanol and xylene. Pictures were taken with a MZ75 light microscope (Leica, Wetzlar, Germany). For histology studies, tissue samples of the abdominal gland or MCF-7 xenografts were fixed in 4% formaldehyde in PBS for 24 h and stored in 70% ethanol at 4 1C until further processing. Tissue was embedded in paraffin and sections of 5 mm were prepared and used for immunofluorescence studies or stained with H&E. H&E sections were observed with a DM LB light microscope (Leica) and pictures were acquired with a DC500 digital camera (Leica).
Immunofluorescence analysis. For immunohistochemistry, paraffinembedded mammary sections were de-paraffinised and antigen retrieval was performed using boiling 10 mM tri-sodium citrate buffer, pH 6.0, for 10 min. Sections were blocked in 10% normal goat serum (Dako, Glostrup, Denmark) for 1 h at room Real-time quantitative PCR (RTQ-PCR) was run in the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Pre-developed Taqman primers specific for mouse b-casein, MMP-2, MMP-9 and 18S were purchased from Applied Biosystems. Results were normalised according to 18S quantification in the same sample reaction.
Caspase 3 activity. Caspase 3 activity was measured in mammary tissue lysates using the Caspase 3/CPP32 Colorimetric Assay Kit (BioVision, Mountain View, CA, USA). Mammary gland was homogenised in lysis buffer, incubated on ice for 10 min and centrifuged at 10 000 Â g for 15 min at 4 1C. Supernatants from tissue homogenates (100 mg of protein) were used to measure caspase 3 activity following the manufacturer's instructions.
Matrigel colony assays. Cells were trypsinised, counted and mixed with cold Matrigel (5000 cells in 70 ml). After the Matrigel became gel at 37 1C, KIM-2 maintenance medium was added to the plate and changed every week. Colonies were visualised after 2 weeks using a Leica MZ75 light microscope.
Soft agar colony assays. Cells were trypsinised, counted and resuspended in KIM-2 maintenance medium containing 0.2% agarose at a concentration of 1000 cells per ml. The mixture was allowed to set at room temperature and then incubated at the indicated temperatures for 3 weeks. Colonies were stained with MTT (Sigma) according to the manufacturer's instructions for better visualisation and counted using with a Leica MZ75 light microscope.
Statistical analysis. ANOVA with a post hoc analysis by the StudentNewman-Keuls' test was routinely used. Unless otherwise stated, results are expressed as mean±S.D.
